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Abstract: The vehicle in-cabin is subject to several types of pollutants infiltrating from the outdoors or
emitted directly inside it, such as Volatile Organic Compounds (VOCs). The concentration of TVOC
(total volatile organic compounds) is the result of the emission from different equipment surfaces
that compose the car cabin. In the present study, the experimental characterization of TVOC emission
from the interior surfaces of a car cabin is discussed by considering the influence of two parameters:
the temperature and ventilation modes. A measurement location grid was used to measure TVOC’s
emissions from 267 points on all surfaces of the car’s interior equipment. Three different temperatures
and two ventilation modes (recirculation and outdoor air) were investigated. The results indicate
that the concentration of TVOC increases with the temperature inside the cabin with a contribution
that varies with the type of cabin equipment including the dashboard, center console, seats, and
carpets. On the other hand, the concentration distributions of TVOC showed relative differences of
10-13% and 2-5% for surface and volumetric measurements, respectively. This implies no preferential
positioning of the in-cabin probe for TVOC volumetric concentration measurements. In addition,
the recirculation ventilation mode results in a higher accumulation of TVOC; therefore, higher
concentrations are measured.
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1. Introduction

In modern societies, people spend more than 70% of their time inside indoor spaces,
including in car interiors [1]. Therefore, ensuring good air quality in confined spaces has
become a major health issue for public authorities even before the COVID pandemic. Poor
air quality can lead to various health problems, including headaches, dizziness, fatigue,
and respiratory problems, especially for people sensitive to allergens or pollutants. Factors
contributing to poor indoor air quality have received significant attention from the research
community. However, despite the fact that many people spend more than an hour a day on
average inside vehicles in industrialized countries [2], and even though more and more
air purification devices intended for cars are produced and sold, the available data on
air quality in vehicle interiors remains limited for several pollutants compared to those
available on air quality in buildings [3].

Volatile Organic Compounds (VOCs) are known as one type of family of pollutants that
can be found inside vehicles. These types of pollutants consist of carbon-based chemicals
that evaporate easily at ambient temperatures and are commonly found in a variety of
products such as paints, cleaners, adhesives, and building materials. Exposure to VOCs has
been associated with a variety of health effects, including eye, nose, and throat irritation,
headaches, nausea, and even cancer [4-6].

Studies have reported that the level of TVOC inside vehicle cabins is higher than that in
the external environment, due to the accumulation of pollutants inside the car cabin [7]. The
World Health Organization (WHO) does not provide a specific guideline limit value for TVOC
in car cabins. However, it is recommended that the total concentration of indoor VOCs should
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not exceed 500 pg/m?3 to prevent adverse health effects [8]. It is worth noting that TVOC is a
general indicator of indoor air quality and does not indicate the specific types or concentrations
of individual VOCs, which may have different health effects at different concentrations.

In the interior of a car, a wide range of volatile organic compounds, of varying
concentrations, are present. In Japan, 275 organic compounds were identified in the interior
air of 101 different car models assigned for private use [9]. Most (80-90%) of the collected
compounds could be measured quantitatively. It was found that aliphatic and aromatic
hydrocarbons in high concentrations are the main compounds contributing to cabin air
pollution. Several characteristic compounds related to plastics, rubbers, and resins, which
are widely used in automotive manufacturing, have been reported in car interiors [9]. The
concentration of TVOC emitted in vehicle interiors depends on several parameters such as
the age of the vehicle [10], the engine idle mode [11], the in-cabin temperature [12] and the
ventilation mode in the passenger compartment [13].

Several studies on indoor air quality have been carried out specifically on second-hand
vehicles, and research has mainly examined the concentration of TVOCs from outdoor sources.
In contrast, there are relatively few studies conducted on the interior of new and unused
vehicles [9,14,15]. Zhang et al. [15] analyzed four organic compounds in 802 new passenger
cars, some of which were up to three years old. You et al. [16] identified 82 compounds in a
single new car, 61 compounds in a one-year-old car, and 36 compounds in a five-year-old car.
Chien [17], on the other hand, has investigated 12 of the most frequently detected compounds
in five different new vehicles. Results showed that the concentrations of certain compounds
vary considerably depending on the vehicle model. Differences in the finishing materials used
in the vehicle’s interior had an influence on the number of organic compounds emitted, which
ranged from 139 to 210. The most extensive investigation was conducted by Yoshida et al. [9].
They examined 101 types of Japanese passenger cars up to 3 years old and found that aliphatic
and aromatic hydrocarbons were the major compounds contributing to cabin air pollution.
With regard to the influence of the age of the vehicle, a comparison between a new and a used
vehicle of the same model revealed differences in TVOC concentration levels. In used vehicles,
the concentration of BTEX, a type of VOC associated with combustion, increases with vehicle
mileage. In particular, BTEX concentration increased most significantly with mileage beyond
11,000 km [10].

Fedoruk et al. [18] studied the concentration of different types of TVOCs released
inside the car cabin by various components. The study was conducted in the car cabins
of five different sedan car types, both in static conditions (parked and unventilated) and
under specific operational conditions (driving mode with air conditioning only, ventilation
mode only, or with the driver’s window partially opened). Levels of concentration TVOC
inside the car cabins during the operating and ventilation condition were 10 to 20 lower
compared with the condition where the vehicles were tested in the static measurement
mode in hot conditions. The lowest level f the TVOC concentration inside the car cabin
was detected during the test when the driver’s window half opened.

The presence of VOCs inside a new vehicle is mainly linked to the interior emission
of materials used in cabin equipment (degassing of materials). The materials that con-
tribute most to VOCs emissions are hard plastics, elastomers, rubber, natural or synthetic
leather, fabrics, and fibers [9,14,16,19,20]. Interior trim materials (leather or fabric) have
also a significant impact on VOCs levels inside a vehicle [17,21]. Carpets, for example, can
be a source of styrene emissions [19], while 1-butanol and 2,6-di-t-butyl-4-methenol are
characteristic of interiors containing various plastics, rubbers, and resins [9]. The influence
on the in-cabin air quality and on VOCs concentrations, of the interior equipment as well
as the differences in materials used has been described by [22]. The TVOC concentration
depends mainly on the interior materials, temperature, humidity, ventilation, age, and
general conditions of the vehicle [9,10,17,20,23]. Among these parameters, the interior
temperature seems to be a particularly important factor influencing TVOC emissions, since
on summer days the temperature in the car’s cabin can exceed 40 °C [24]. As the temper-
ature inside a car increases, so does the vaporization and outgassing of various organic
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compounds from cabin materials. The measurement method used in most studies on TVOC
emission is diffusive sampling. This method is used to identify the groups of compounds
and to measure an average concentration within the volume. The primary objective of this
study was to evaluate the distribution of VOC surface emissions in a new vehicle using an
innovative method. The focus of the study was to characterize the concentration of TVOC
emitted from various surfaces within the car cabin, including the dashboard, front and
rear seats, and carpets. To achieve this, a grid-based localization technique was employed
to assess the TVOC emission rate of each cabin surface, enabling the creation of a visual
map representing the distribution of TVOC concentration across the car interior. Two key
parameters were examined in the study: the impact of temperature on VOC concentration
levels and the influence of ventilation type on the emissions from different car components.
By analyzing these parameters, the study aimed to gain insights into the factors affecting
VOC levels in car cabins and their potential implications for air quality.

2. Experimental Methodology

The measurement campaign consisted of measuring the local concentrations of VOCs
emitted by the different materials composing the interior surfaces of the car cabin. Overall,
five sets of measurements were performed. Three measurements allowed us to examine
the influence of temperature on VOC emissions, and the two other measurements made
it possible to assess the influence of ventilation modes on interior concentrations. The
experimental setup and protocol are described as follows.

2.1. Preconditioning Protocol

Prior to the measurement campaign, the vehicle was placed inside a 36 m® closed chamber
called ‘the bubble’ at Estaca. The chamber was equipped with a heating system, cooling system,
and air homogenization fan, and was designed to eliminate any external influences (Figure 1).
The measurements were carried out at different temperatures inside the car cabin (25, 28, and
32 °C). To determine the influence of in-cabin temperature on TVOC release rate, measurements
were taken inside the car cabin with the ventilation system turned off and in recirculated mode.
In addition, to examine the influence of the ventilation modes, and more precisely the air vents’
position on the TVOCs emissions, we measured the concentration of TVOCs released inside
the car cabin for a temperature of 22 °C for two ventilation modes (air vents position) of the
HVAC (Heating Ventilation and Air Conditioning), Closed HVAC (RC) and Opened HVAC
(OA). During all the measurements the car cabin ventilation fan was completely turned off (fan
speed 0/8). The vehicle used was parked inside the closed enclosure with the temperature set
to the value studied and with a relative humidity level of 40 4= 10%. Regarding the materials
of the interior, the steering wheel is made of leather, the dashboard is made of soft plastic, the
center console is made of hard plastic, the front and rear seats are made of leather and fabric,
and the floor mats are made of fabric.

Figure 1. Closed chamber (the bubble) for outdoor air control and vehicle in-cabin preconditioning.
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2.2. The Vehicle

A mass-produced car, nearly 5 months old and with less than 100 km, was used for
the study. The vehicle was manufactured according to standard production processes and
transported with closed windows and air conditioning outlets to prevent contamination.
Precautions were taken to ensure that no external off-gassing materials were transported
with the vehicle and that the loading truck had a closed container to prevent solar loading
during transportation. No cleaning procedures were used to remove the residue. The
protective covers and plastic stickers (used to protect the dashboard) were removed when
the vehicle arrived. In addition to that, no additional refueling was carried out, only that of
the production line. Regarding the materials of the interior, the steering wheel is made of
leather, the dashboard is made of soft plastic, the center console is made of hard plastic, the
front, and rear seats are made of leather and fabric, and the floor mats are made of fabric.

2.3. Instrumentation and Measurements Protocol

Measurements of TVOC concentration were performed using the IonScienceTiger in-
strument. It is based on the Photon-Ionization-Detection (PID) principle technique that mea-
sures volatile organic compound (VOC) in the concentration range of 0 to 20,000 parts per
million (ppm) or 20 x 10° (ug/m3), with a minimum sensitivity (resolution) of 0.001 ppm
(1 ppb) and 1 pg/m?>. The instrument allows sampling at a frequency of 1 Hz and can detect
480 types of VOCs. The Tiger has a 24-h battery life for continuous use. The temperature
and the relative humidity (RH) inside the car cabin were measured using a TSI 7525 with
a resolution of 0.1 °C and 3%, respectively, for the temperature and the RH. Before each
measurement campaign, the vehicle was parked during 24 h in the bubble chamber where
the temperature was maintained at a value between 20 °C and 32 °C and relative humidity
of 40 £ 10%. The influence of the operators was as weak as possible (non-smoking and
non-scented). In addition, no food products or external objects were introduced inside
apart from the instrumentation. For the measurements of the concentrations of TVOC
emitted by the various components, a grid system was installed on the various measured
surfaces of the vehicle interior. These grids cover all the surfaces of the vehicle’s passenger
compartment and make it possible to locate sampling areas. The grids are made of plastic
that has been tested for TVOC emissions. The TVOC emissions from the plastic grids
were assessed in the measurement bubble that was isolated from the external environment.
The emission levels were measured using the Ion Science Tiger instrument, which was
positioned at different points on the measurement grid. Each sampling point was tested
for a duration of 10 s, and the process was repeated three times. The same procedure was
followed to measure the TVOC concentration released from different surfaces within the
vehicle cabin. The emitted TVOC concentration from the grids was found to be between
20 and 50 ng/ m3, which was consistent with the background level of the chamber at a
temperature of 32 °C. The total number of measurements was 276 points. The operator
made an acquisition of 10 s (at 1 Hz acquisition rate) for each point of the grid at 1 cm
high from the surface. The temporal average value obtained was then attributed to that
point of the grid. This measurement protocol is valid for all the points located on the grids
(276 points) and was repeated three times for each point. The interior surfaces considered
in this measurement campaign are the dashboard, driver, and passenger seats, driver and
passenger carpets, central console, rear seats, rear carpets, and rear shelf (Figure 2). We
conducted volumetric measurements alongside surface emissions concentration measure-
ments to evaluate the TVOC concentration levels at various points within the car cabin.
Specifically, we measured the levels at the driver and passenger seat headrests, armrests,
and rear seat headrests, which are all located in the breathing region of the car cabin. It is
worth noting that these measurements were taken away from the surfaces. The surface
materials of the various interior equipment used in this study are of different types: hard
plastic on the top of the dashboard, soft plastic and leather for the seats, and center console,
and tissue on all carpets and the rear seat.
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(a)

Dashboard grid
measurement

Central console
measurement

Passenger carpet grid
measurement

Rear seat grid
measurement

Passenger seat grid
measurement

Driver seat grid
measurement

(b)

Figure 2. Mesh grid used for localization of the measurement points on different surfaces (a) in the
front part of the cabin (b) in the rear part.

3. Results and Discussion

In this section, the concentrations of TVOCs released from various surfaces, as well as
the volumetric measurements performed are presented. The influence of temperature and
ventilation mode (RC and OA) on TVOC concentrations are discussed.

3.1. Influence of Temperature on TVOC Emissions

Figure 3 presents the iso-contours of TVOC emissions from various surfaces at tempera-
tures of 25 °C, 28 °C, and 32 °C, respectively. The results could seem to indicate that TVOC
concentrations are relatively homogeneous on all surfaces at each temperature. However, it is
noteworthy that the TVOC values appear to be significantly higher on carpet surfaces com-
pared to other surfaces. The difference in TVOC concentrations at surfaces ranged between
a minimum value that corresponded generally to the seats or dashboard, and a maximum
value found in carpets. The minimum and maximum values of the relative difference between
different surface emissions are found to be between 10% at T = 32 °C and 13% at T = 28 °C.

For more details on the contribution and temperature effect on each piece of equipment,
Figure 4 shows the averaged TVOC concentration emitted from different surfaces at 25 °C,
28 °C, and 32 °C. At 25 °C, the average TVOC concentration in the car cabin ranges from
5200 pg/m3 to 5800 pg/m>. The highest concentration values were measured on the left
rear and the driver carpets, while the lowest was in the dashboard. At T = 28 °C, the TVOC
concentration emitted from the various components of the car cabin increased compared to
the previous case and ranged from 5800 ug/m? to 6400 pg/m3. This increase suggests that
temperature plays a significant role in the release of TVOC from the car cabin equipment.
It was found that the driver’s carpet releases the highest concentration of TVOC with an
average of 6400 ng/m?, while the lowest concentration (5800 pg/m?) was released by the
back seat. At T = 32 °C, the TVOC concentration emitted by the different components
of the car cabin has increased compared to those at 28 °C. The maximum concentration
measured was 7800 pg/m? on the middle rear carpet, while the minimum concentration
was 7000 pg/m3 on the passenger carpet.
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Figure 3. Contours of TVOC concentration emitted by the surfaces of the car cabin components for
three different temperatures ((a) T = 25 °C, (b) T =28 °Cand (¢) T = 32 °C).
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Figure 4. Concentration distribution of TVOC emitted from different car cabin equipment’s surfaces.

The highest values of TVOC concentrations measured in the vicinity of the carpet
surfaces can be explained by the material composition of the latter. Indeed, carpets used in
this car are made of nylon which is a synthetic material that is known to be a significant
source of some VOCs such as formaldehyde, benzene, and toluene [25,26]. This can lead
to poor indoor air quality and potential health risks for people who are exposed to high
concentrations of these VOCs over a long period of time.

In order to provide a global view of TVOC concentration released by all surfaces, we
estimated the mean concentration value of TVOC corresponding to all surfaces for the three
different temperatures (Table 1). It shows a net increase in the mean TVOC concentrations
as a function of temperature. Indeed, the overall concentration of TVOCs released by
surfaces inside the vehicle cabin increases slightly between 25 °C and 28 °C with a ratio
of 1.07, while it increases more significantly with a ratio of 1.25 between 28 °C and 32 °C.
This increase related to the temperature could be attributed to four mechanisms: First, as
the temperature rises, the rate of VOC emission from materials increases due to increased
volatility [27]. Second, higher temperatures can also increase the diffusion rate of VOCs
from materials to the air [12]. Third, the thermal decomposition of materials can occur
at higher temperatures, leading to the release of additional VOCs [28]. Finally, higher
temperatures can lead to increased humidity levels, which can enhance the release of VOCs
from some materials [29].

Concerning the volumetric measurement of TVOC concentration at different locations
inside the car cabin, the driver and the passenger’s exposition was assessed, and the results
are given in Table 1. Accordingly, the concentration values at the different locations are
not notably different with a maximum relative difference that varied between 2 % at 28 °C,
4% at 25 °C, and 5% at 32 °C. This indicates homogeneity of the concentrations in the
breathing area of the cabin after it has been emitted and diffused from different surfaces.
In addition, it can be noticed that the volume concentrations of the three temperatures
(25 °C, 28 °C, and 32 °C) are lower than the surface mean values. The ratio of average
surface concentrations to the average volumetric concentrations is almost constant around
the value 1.11-1.14 (Table 1). This difference can be related to the dilution of the released
TCOV in the air volume of the cabin during the diffusion process from emitting surfaces to
the volumetric measurements’ points. Based on these results, and on the results concerning
the relative differences between volumetric measurements obtained at different points
that are weak, we could draw some conclusions: First, concerning the probe positioning
for TVOC concentration measurements in the vehicles in-cabins, whatever its position
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far from surfaces (at least 30 cm), the measured concentration could be admitted that is
representative of the global TVOC concentration of the car cabin with a maximum relative
imprecision of 5 % for temperature lower than 32 °C. Secondly, the global volumetric TVOC
concentration could be related to the average concentrations at surfaces since the ratio
of the average surface concentration to the average volumetric concentration of TVOc is
almost constant around 1.12.

Table 1. Representative volumetric and comparison to total Surfaces concentration of TVOC [pg/m?]
(£ values indicate standard deviations).

Measurement Zone T=25°C T=28°C T=32°C
Driver’s seat (head level) 4939 £+ 22 5358 £ 16 6505 £ 55
Passenger seat (head level) 5019 £ 18 5386 +9 6260 £ 36
Armrest level 5078 4+ 14 5274 + 14 6596 + 19
Center rear seat 5135420 5269 +8 6426 + 15
Average Volum. Conc. 5043 5316 6551
Average Tot. Surface Conc. 5584 5969 7449
Surface to volumetric Conc. ratios 1.11 1.12 1.14

3.2. Influence of Ventilation Setting on TVOC Concentrations

In this section, we present the results concerning the influence of the ventilation system
settings and precisely the air vent position, on the TVOC concentration inside the car cabin.
Two experiments were performed consisting of measuring the concentration of TVOC
emitted by the different cabin interior surfaces for two ventilation modes, the recirculated air
mode (RC) for which the air vents are positioned for internal recirculation, and the outside
air mode (OA) where the air vents are positioned to promote the outdoor air admission.
The temperature inside the car cabin was set to 22 °C during the measurements. The
measurement conditions and protocol used in the previous measurements were followed
for this study as well.

Figure 5 shows the TVOC concentrations on the car interior surfaces. The spatial inho-
mogeneity of the distribution of surface emissions of TVOC is clearly noticeable for both
ventilation modes. As noted above, carpets are somewhat higher emitters of VOCs than
other surfaces. The RC or OA ventilation modes did not influence this spatial inhomogene-
ity since the fan was set to off and thus there is no mixing that could be promoted by the
airflow coming from fan movement. However, the average TVOC concentration is lower in
OA mode in comparison to the RC mode due to natural air flow promoting dilution.

In Figure 6, the concentration distributions of TVOC for different surfaces and for each
ventilation mode (Recirculated (RC) and outdoor air (OA)) at 22 °C without a ventilation
flow rate are presented. First, the influence of temperature on TVOC concentrations is
clearly visible when comparing this result with that at 25 °C, 28 °C, or 32 °C. In the
recirculated ventilation mode, the measured TVOC concentration values vary between
1485 pg/ m? and 1853 ng/ m3 with an average value of 1615 pg/ m3. While, in the outdoor
ventilation mode, the concentration varies between 938 pg/m3 and 1304 ng/m3 with a
mean value of 1085 pg/ m3. The difference in TVOC concentration is about one-third
between the recirculated and outdoor air modes. Whereas the non-recirculated mode pulls
in fresh air from outside which is free from TVOC, this leads to better air quality due to the
dilution of gaseous pollutants and extractions. To conclude this section, we can say that the
ventilation mode can have a significant impact on the concentration of TVOC in the car
cabin. The fresh air intake in the non-recirculated mode can help reduce the concentration
of TVOC in the region of low outdoor TVOC concentrations (far from traffic), while the
recirculated mode may increase it.
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Figure 5. Contours of TVOC concentration emitted by the surfaces of the car cabin components at
T = 22 °C for two different ventilation modes ((a) Recycled air (RC) and (b) Outdoor air (OA)).
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4. Conclusions

Experimental campaigns to characterize the TVOC emissions of the interior equipment
surfaces of a new car were conducted. The objective of the study was to examine the TVOC
concentrations at the surface level and to correlate them to the volumetric concentration by
considering two factors, the influence of temperature increase (25, 28, and 32 °C) and the
setting of ventilation modes (recirculated and non-recirculated modes). The methodology
consisted of storing the vehicle in a closed volume for 24 h to control outdoor conditions
and then measuring the TVOC concentrations, in 267 measurement points, using a grid
system covering all surfaces of the main of the car cabin’s equipment. The TSI Tiger
instrument was used to measure TVOC concentrations at each point, and the results were
displayed in a cabin CAD. The TVOCs concentrations inside the car cabin were found
to increase with temperature. It varied on average between 5595, 6006, and 7472 pg/m?3
at 25, 28, and 32 °C, respectively. The TVOC concentration distributions show relative
differences between equipment that were evaluated to 10-13% and 2-5%, respectively,
for surface and volumetric measurements. This implies no preferential positioning of the
in-cabin probe for TVOC volumetric concentration measurements. On the other hand, the
ratio between the average concentrations at the surface level to the average volumetric
concentration is almost constant around 1.12. In addition, it was also found that the
ventilation mode has a significant influence on the TVOC concentrations. More precisely,
when the ventilation mode was set to recirculation mode, the TVOC concentration was
significantly higher than when the ventilation mode was set to the outdoor fresh air intake.
These results have important implications for the design and operation of car cabin’s
TVOC measurements, on ventilation systems, as well as for public health and safety, given
the potential health risks associated with exposure to high levels of VOCs. Analyzing
the distribution of TVOC inside car cabins has implications for environmental science,
occupational health and safety, automotive engineering, indoor air quality assessment,
allergy and asthma research, chemical and material science, and forensic investigations. The
insights gained from such analysis can inform various fields, contributing to policymaking,
engineering improvements, and strategies for reducing exposure to harmful substances in
vehicles. It is important to note that currently, there are no standard guidelines regarding
the limitation of TVOC (Total Volatile Organic Compounds) concentration inside the car
cabin recommended by an international organization. TVOC concentration levels below
0.3 mg/m?3 are categorized as low levels, concentrations from 0.3 mg/m3 to 0.5 mg/m? are
generally acceptable, while concentrations exceeding 1 mg/m3 are considered high levels,
and based on the proposed TVOC target and guideline values for industrial workplaces [30].
The absence of such guidelines makes it challenging to establish specific thresholds or
limits for TVOC levels in vehicle interiors. Additional research is needed to explore the
specific mechanisms underlying these effects, as well as to identify effective strategies for
mitigating the risks associated with high levels of VOCs in car cabins.
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